Current-noise-power spectra of thin-film transistors (TFTs) fabricated from hydrogenated amorphous silicon were measured. TFTs with aspect ratios ranging from 1:l to 16:l were examined in both the conducting and nonconducting modes. In the conducting mode, the noise levels could be predicted to within an order of magnitude by theories developed for crystalline metal-oxide field-effect transistors. In the nonconducting mode, the noise was found to scale with the TFT leakage current in a power-law fashion.
INTRODUCTION
Thin-film transistors (TFTs) fabricated ,from hydrogenated amorphous silicon (a-Si:H) are an important component of large area, pixelated arrays used for imaging applications. For both image display and image capture applications, the TF'B act as switching components and allow for the addressing of individual array pixels. A summary of imaging applications which incorporate a-Si:H arrays has been reported by Street.' A specific application under development by our collaboration is the use of two-dimensional, photosensitive a-Si:H arrays for x-ray imaging.2 Each pixel of these arrays consists of an a-Si:H photodiode sensor connected in series with an a-Si:H TFIY. The sensors detect incident x rays indirectly by. means of an overlaying x-ray converter such as a phosphor screen. Manipulation of the TFIY gate voltage renders the TFT conducting (positive gate voltage) or nonconducting (negative gate voltage). This allows for the integration of charge created in the sensor due to incoming light photons (TFI' nonconducting) and the subsequent readout by external electronics of the integrated charge (TFI' conducting). Presently, x-ray images of human anatomical features using (23X25) cm? a-Si:H arrays with (512 X560) pixels have been demonstrated.3
The present use and future potential of a-Si:H arrays for x ray and other imaging applications warrants a study of the noise properties of a -Si:H. TFTs. This paper presents currentnoisezpower spectrum measurements of a-Si:H TFTs fabricated with the same design and deposition parameters as those used for x-ray imaging arrays. The measurements were carried out for different size TFTs at various operating voltages. The TFT sizes and voltages were chosen so as to correspond to those currently used for x-ray imaging arrays.
Previous power spectra measurements of a-Si:H TFTs of similar construction have been presented by Cho et uL4 They measured the flicker noise of a TFT in the conducting mode. This study presents measurements of both the flicker and thermal noise in the conducting mode and the flicker noise in the nonconducting mode. In addition, the magnitdde of the flicker and thermal noise levels in the conducting mode are compared with theoretical predictions obtained for crystalline metal-oxide field-effect transistors (MOSFETS), and a power-law relationship between TFT leakage current and flicker noise level is empirically obtained in the nonconducting mode.
II. DESCWPTION OF THIN-FILM TRANSISTOR
The TFTs that were studied had an inverted staggered structure which is schematically illustrated in Fig. 1 . The width W and length L are also indicated in the figure. The length of the TFTs was constant and equal to 15 ,um while the widths ranged from 15 to 240 ,um. The ratio of the width to the length is termed the aspect ratio W/L. TFTs with W/L values of 16:1, 8:1, 4:1, and 1:l were examined..
The TFT shown in Fig. 1 is a single-carrier device. This is facilitated by the n-type doped layers at the source and drain contacts which permit electron conduction through the a-Si:H layer, but block hole conduction. For positive gate voltages, an electron layer is induced in the a-Si:H channel and conduction occurs. This is termed the conduction or "on" mode. For negative gate voltages, hole conduction through the a-Si:H channel is minimal due to the low hole mobility and the n-type doped blocking layers.5 This is termed the nonconductihg or "off" mode. Typical order of magnitude on and off currents for these TFTs are 1 PA and 0.1 pA, respectively, giving an on-to-off current ratio of order 107.
Measurements of the operational characteristics were performed for the four different aspect ratio TFTs whose noise was characterized in the conducting mode. The transfer and output characteristics of the 4:l aspect ratio TF?I' are shown in Fig. 2 . The transfer characteristic [ Fig. 2(a) ids varies linearly with v& and the TFT is said to be in the linear region of operation. For v&a ( Vg-V,), vds is set equal to (V,-V,) in Eq. (1) and ids is independent of vd,. This is termed the saturation region. Both the linear and saturation regions are observed in Fig. 2 
(b).

Ill. NOISE MEASUREMENT TECHNIQUE
Since the drain-source current is integrated by external electronics in order to determine the imaging signal, it is of interest to measure the noise characteristics of ids. The noise characteristics were quantified in terms of current-noisepower spectra. In general, a noise power spectrum gives information pertaining to the frequency content of a noise process. It is a plot of the power density of a randomly fluctuating quantity versus frequency. The current-noisepower density of the dram-source current, S,(f), was determined according to the following relation -
where II,(f)] is the magnitude of the finite Fourier transform of ids measured over a time interval, T. The bar denotes an ensemble average.7 Power-spectra measurements were performed for different Vg , v&, and WIL. Current-noise-power spectra of the TFTs were obtained as follows. Vg and vd, were provided either by batteries-or by a voltage source/picoammeter (Hewlett Packard 4140B). Use of the HP-4140B provided the additional capabilities of measuring ids and allowing computer control of the voltage settings. However, bandwidth limitations prevented use of the HP-4140B for power spectra measurements involving frequencies greater than -10 Hz. For frequencies ranging Table I . The lines through the data were obtained by interpolation.
from ~10 Hz to 1 kHz, batteries were used. In order to determine r,(f), the fluctuations in ids were sampled via the amplification network shown in Fig. 3 . The tirst stage of the network consisted of a transimpedance amplifier (Ithaca 1212) and the second stage was an ac-coupled voltage amplifier. The dc gain of the transimpedance amplifier ranged from lo5 to 10" V/A and the second stage passband gain was -500. The voltage fluctuations after the two amplification stages were related to the drain-source current tluctuations by the gain, G(f), of the amplification network. (Measurements of G(f) were performed over the frequency range of interest using a function generator.) The voltage fluctua- The system noise was typically 1-2 orders of magnitude below the measured TFT noise and was subtracted from each tions were passed through a low-pass, antialiasing filter (Fremeasured power spectrum. quency Devices; &pole Buttenvorth) before bemg sampled by a digital oscilloscope (LeCroy 94OOA). The sampling rate V. RESULTS: CONDUCTING MODE (POSITIVE Vg) of the oscilloscope determined the Nyquist frequency and the low-pass filter was accordingly set to one-half of this frequency to limit abasing; The voltage fluctuations were sampled for a temporal interval T. This is referred to as a noise wave form. After sampling at least 100 noise wave forms, a MAC II computed the current-noise-power density using Eq. (2) and G(f).
For each measured power spectrum, noise wave form acquisition commenced 5 min after application of Vg and V,, . This was to allow for ids and the noise to stabilize sufficiently. After the acquisition of each noise wave form, i, was measured (if the HP-4140B was used as the voltage source) and the standard deviation of the noise wave form was computed. The values of id, and the noise wave form standard deviation typically deviated 5% from their mean values for each measured power spectrum.
A. Measured power spectra Figure 5 shows measurements of power spectra for the 4:l aspect ratio TFT for various V,, . Over the frequency range of -lo- '-lo3 Hz, two noise components are present. The first, displaying a l/f7 (~1) dependence, is the wellknown flicker noise. The second is independent of frequency and is called thermal noise as it is due to the thermal fluctuation of electrons in the conducting channel of.the TFT.
Both the thermal and flicker noise components were measured as a function of Vg , Vd, , and W/L. The tlicker noise component was characterized by power spectra measurements out to 10 Hz rather than over the whole frequency range (-10-l -lo3 Hz). The thermal noise component was determined by power-spectra measurements over the entire frequency range. Measurement results of the flicker and thermal noise levels as a function of Vg, V,,, and W/L are IV. SYSTEM CALIBRATION The system calibration was verified by measuring the thermal noise of known resistive values. The measurement system noise was dominated by the input noise of the transimpedance amplifier, which consists of a parallel current-noise-source, i,(j), and a series voltage-noisesource, e,(j). With a TFT connected to the input, the circuit shown in Fig. 4 was used to determine the current-noisepower density at the amplifier input, S&), due to i,(f) and e,(j). R, represents the TFT resistance. For positive gate voltages, Rm was calculated using Eq. (1). For negative gate voltages, R, was assumed to be infinite. Cgd is the capacitance due to the overlap between the gate and drain contacts. (Calculated values for the different aspect ratio 10" 100 10' 102 IO3
TFTs are listed in Table I .) Sin(f) specifies the system noise Frequency (Hz) and from standard circuit analysis is given by the following relation 
frequency range. The thermal component is observed to be independent of v,,.
given below ,and compared with theoretical predictions. For these comparisons, possible shifts in the threshold voltage due to bias stress were neglected.'
B. Flicker noise component
Theory
The formulation presented here is based on previous work performed for crystalline devices. Let sfl(fl denote the flicker noise component of the current-noise-power density of a crystalline MOSFET in the conducting mode. For arbitrary V,, , Van der Ziel' derived the following expression for +Ui
In this expression, S,(f) is the noise-power density of the charge carriers per unit area (for V&g Vg-Vr) and 4 is the magnitude of the electron charge.~Equation (4) was obtained under the assumption that the origin of the flicker noise is the random capture and emission of charge carriers by localized states in the oxide layer of the MOSFET. The interaction mechanism is quantum-mechanical tunneling mediated by surface states. From Klaassen," S,(f) is w=y 7 (5) where n is the number of free charge carriers per unit area and LY is a number which is assumed to be nearly constant.""' Using the relation6
Eq. (4) can be rewritten as sp(n /Y/-mWIw !WL)f i vg-v+ 1 vi,. (7) Equation (7) specifies the magnitude of the flicker noise and is valid for arbitrary V&. In saturation, vd, is set equal to (Vg-VT>. By comparing the measured flicker noise in the conducting mode with Eq. (7), the value of (Y and its dependence on Vg and Vd, can be determined.
Measurements and comparison with theory
The flicker noise component was measured for Vg ranging from 5 to 10 V and for Vd, from 0.4 to 10 V These voltages span both the linear and saturation regions of TFT operation and are representative of those encountered in x-ray imaging applications. The flicker noise was quantified by fitting the measured power spectra with the function FC,,,/fY. The exponent y, which specifies the frequency dependence, had an average value of 1.03%0.05 for the measured power spectra. The coefficient FC,, is termed the flicker coefficient in the conducting mode and it specifies the magnitude of the flicker noise component. Measurements of FC,, for the 4:l aspect ratio TFT are plotted in Fig. 6 . Similar measurements were carried out for the other aspect ratio TFTs. The dependence of FC,, on Vg and Vd, , when plotted on logarithmic axes, is analogous to an output characteristic. The lines through the data are calculated using Eq. (7) with a=2.9X10W3, 3.4X10v3, and 4.2X10e3 for Vs=5, 7, and 10 V, respectively.
In the linear region the flicker coefficients display a powerlaw relationship with Vd, and saturate in the TFI' saturation region. The functional dependence of the measured flicker coefficients on Vg and V& was determined in the linear and saturation regions from the slopes of power-law fits to the data. These calculations assumed that (Y is independent of Vg and V,, . In the linear and saturation regions, the corresponding flicker coefficients, (FC,,jli, and (FC,,) ,,, , obtained from Eq. (7) In the linear region, the dependence of (FCon)nn on V& and (Vg-VT) was determined for %V,GlO V and v&al V for the four different aspect ratio TFTs. The dependence of @GnJsat on (Vg-V,) was determined for each aspect ratio TFI with V& equal to 9 and 10 V and 5=GV,GlO V. The calculated slope values were averaged over the four aspect ratio TIT measurements. (FCon)lin was found to depend on I'd, and (Vg-VT) raised to the 1.85CO.10 and 1.3120.23 powers, respectively. (FC,),,, depended on (Vg-VT) raised to the 3.36kO.25 power. These values are in reasonable agreement with Eqs. (8a) and (8b). Figure 6 also illustrates that FC,, shows little or no dependence on Vd, in the saturation region as predicted by Eq. (gb).
The value of CY was determined by comparing the measured FC,, values with those predicted by Eq. (7) with (Y set to unity. The ratio of FC,, to these predicted values, FCaxl, is shown in Fig. 7 for the 4:l TFT. It is apparent that the actual value of (Y ranges from -3X10m3 to 1X10W2 for the range of Vg and Vd, studied. For a given Vg , a is relatively constant for V&G2 V and then begins to increase with V,, . The Vg=5 V data show saturation at large V& but this is not as evident for the larger gate voltages. The behavior of LY ponent dominated over the entire frequency range for higher V,, . The lines shown in Fig. 8 were calculated from Eq. (9) and show reasonable agreement with the measured values, differing from 10% to 40%. In Fig. 5 , the power spectra reveal the thermal noise to be independent of Vds (in the linear region). This is also in agreement with Eq. (9).
VI. RESULTS: NONCONDUCTING MODE (NEGATIVE Vg)
For negative Vg , the TFT noise could not be resolved from the measurement system noise unless V,, was approximately equal to or more negative than Vg . In these configurations, ids was sufficiently large so that a flicker noise component could be measured. (The flicker noise of a device is often proportional to the square of the current through the device.g) Figure 9 shows the magnitude of ids and the corresponding power spectra measurements for a 16:l TJ3T with V,=-5 V. The magnitude of ids and the power spectra are seen to increase dramatically as V,, becomes more negative than Vg . Similar measurements to those shown in Fig. 9 were carried out for a total of eight different TFTs (two TFTs were examined for each aspect ratio). ues were examined ranging from -2 to -10 V. For each Vg , five V,, settings were used ranging from Vg to 2 V less than Vg . All of the measured power spectra were of the form FC,,/f! The value of S was relatively independent of Vg , V ds, and WIL and had an average value of 0.77kO.06, which is slightly smaller than what is usually reported for flicker noise.13 The flicker coefficient in the nonconducting mode, FCoE, depended on ids in a power-law fashion. This is displayed in Fig. 10 for three different aspect ratio TFTs. The lines represent power-law fits. On average, FC,ff depended on ~~~ raised to the 1.7350.09 power. The data in Fig. 10 also indicate that, for a given ids, FC,, tends to increase for decreasing W/L. This dependence roughly goes as (W/L)-".75 -and is weak in comparison to the id, dependence. The empirical fits shown in Fig. 10 make it possible to estimate the tI.icker noise component of a TFI in the nonconducting mode if id, is known.
For each TFI', it was generally observed that FCoFf depended on the difference between Vg and V,, , rather than their absolute values. This follows from the observation that ids was also dependent on this difference.
VII. CONCLUSIONS
The current-noise-power spectra of different aspect ratio a-Si:H TFTs were measured for various voltage settings. For gate and drain-source voltages ranging from -5 to 10 and 0 to 10 V, respectively, the power spectra over the frequency range of 10-l -lo3 Hz were composed primarily of flicker and thermal noise components. The magnitude of these two components could be predicted with reasonable accuracy using expressions derived for crystalline devices of similar structure. For negative gate voltages (-lO<V,a--2 V), power spectra with a l/f * (S=O.77It_O.O6) dependence were measured. The magnitude of these power spectra scaled with the drain-source current raised to the 1.7350.09 power and showed a relatively weak dependence on aspect ratio. The characterization of the noise-power spectra of a-Si:H TFTs at the voltage settings used in this study greatly aids in predicting their noise levels when operating on a-Si:H x-ray imaging arrays. These measurements can be extended to a-Si:H TPTs used for other applications if they are operated at similar voltage settings.
